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ABSTRACT
Acetylcholinesterase (AChE) has been detected on the plasma membrane of about 25'/0 of
the axons in the longitudinal smooth muscle tissue of guinea pig vas deferens, These axons
are presumably cholinergic. No enzyme was detected in the remaining 757, of axons . These
axons are presumably adrenergic. The plasma membrane of the Schwann cells associated with
the cholinergic axons also stained for AChE . Some axon bundles contained only cholinergic
or adrenergic axons while others contained both types of axon . When a cholinergic axon ap-
proached within 1100 A of a smooth muscle cell, there was a patch of AChE activity on the
muscle membrane adjacent to the axon . It is suggested that these approaches are the points
of effective transmission from cholinergic axons to smooth muscle cells . Butyrylcholinesterase
activity was detected on the plasma membranes of all axons and smooth muscle cells in this
tissue.
INTRODUCTION
Stimulation of the postganglionic nerves to the
guinea pig vas deferens results in depolarization of
smooth muscle cell membranes and contraction
of the longitudinal smooth muscle cells (Hukovic,
1961 ; Burnstock and Holman, 1961).
These muscle cells are arranged in anastomosing
bundles of variable diameter . Each muscle bundle
contains nerve fibers running approximately
parallel to the bundle axis, either as single axons
without Schwann cell covering, or more commonly
as groups of axons more or less embedded in a
Schwann cell process. The axons lie close to
muscle cells at intervals, forming en passage ap-
proaches; they appear to end in a terminal vari-
cosity lying within 500 A of surrounding muscle cell
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membranes (Merrillees, Burnstock, and Holman,
1963 ; Merrillees, 1968).
These axons are predominantly noradrenergic
(Hukovic, 1961 ; Burnstock and Holman, 1962,
1964; Sjöstrand, 1965) . Choline acetylase has,
however, been reported in extracts of the vas
deferens (Ohlin and Stromblad, 1963), and
acetylcholinesterase (AChE) is present in nerves
within the smooth muscle tissue (Jacobowitz and
Koelle, 1965) . In addition, treatment with anti-
cholinesterases and cholinergic blocking agents
modifies the response to stimulation of the post-
ganglionic nerves, indicating that acetylcholine
(ACh), as well as noradrenaline (NA), plays a
part in transmission in this organ (Birminghamand Wilson, 1963 ; Sjöstrand, 1965 ; Birmingham,
1966; Bell, 1967).
The role of the cholinergic system in the innerva-
tion of this tissue is not clear . It has been suggested
that ACh is involved in release of NA from
adrenergic nerves in the guinea pig and other
mammals (Burn and Rand, 1959, 1965 ; Koelle,
1962) . If this were so, it would be expected that
AChE would be associated with all the axons in
the vas deferens . On the other hand, a separate
synergistic cholinergic and adrenergic innervation
has been proposed (Birmingham and Wilson,
1963 ; Birmingham, 1966 ; Bell and McLean,
1967 ; Bell, 1967) . The association of AChE with a
limited number of axons would support the latter
view.
The Karnovsky method of demonstrating
AChE under the electron microscope (Karnovsky,
1964) has been used to localize the enzyme in the
axons and smooth muscle of amphibian bladder
(Robinson and Bell, 1967), and the present paper
describes the application of this method to the
longitudinal smooth muscle of guinea pig vas
deferens. A preliminary description of some of this
work has already been published (Burnstock and
Robinson, 1967) .
METHODS
Guinea pigs were stunned by a blow to the head and
bled. The lower body wall was opened and one
testis was gently pulled from the body cavity. The
vas deferens was cut free from supporting connective
tissue and laid under slight tension across a plastic
trough filled with ice-cold fixative. The fixative was
replaced every 3-5 min . After 20 min the vas deferens
was cut free and placed in a bath of fixative at 0-4°C
for a further 2 hr.
The fixative used was 4%J c paraformaldehyde
dissolved in Krebs solution as modified by Hukovic
(1961). It was prepared just before use by dissolving
4 g of dry paraformaldehyde in 50 ml of warm, dis-
tilled water made alkaline with a few drops of so-
dium hydroxide solution (as in Pease, 1964), then
adding this to 50 ml of ice-cold, double-strength
Krebs stock solution. Oxygen containing 5% CO2
was bubbled through the mixture in an ice bath until
the pH was 7.1-7.2, and the temperature was less
than 4°C. Calcium and magnesium salts were then
added to complete the Krebs solution.
After 2 hr of fixation, the vas deferens was cut into
3-5-mm pieces, and the Krebs-formaldehyde solu-
tion was replaced drop for drop by distilled water
over a period of about 1 hr, either by hand or with a
mechanical device. The tissue was then left to wash
overnight in distilled water in an ice bath . (Krebs
solution or simple phosphate buffers were tried in-
stead of distilled water in early experiments, but they
did not improve the tissue preservation, and unless
they themselves were completely washed out, they
interfered with the subsequent staining reaction) .
Cross-sections were then cut at about 150-200-s
thickness by hand, or at 25-100-µ thickness with a
modified Mcllwain tissue chopper (Mcllwain and
Buddle, 1953 ; Smith and Farquhar, 1965).
All preincubation and incubation was at 0-4 °C.
Incubation for AChE was carried out by preincubat-
ing the tissue slice in the butyrylcholinesterase-
inhibitor iso-OMPA (Koch-Light, Colnbrook, Bucks,
England) (Bayliss and Todrick, 1956) at a concen-
tration of 10 M for 1 hr, and then incubating in the
Karnovsky medium (Karnovsky, 1964) containing
acetylthiocholine for 6-30 min at pH 5 .0. Incubation
for butyrylcholinesterase (BuChE) was carried out
by preincubating the tissue with the AChE-inhibitor
BW 284C51 [Burroughs-Wellcome, (Aust.), Sydney,
Australia] (Bayliss and Todrick, 1956) at a concen-
tration of 5 X 10-6
M for 1 hr, and then incubating
in the Karnovsky medium containing butyrylthio-
choline and BW 284C51 (5 X 10-s M) for 20-60
min at pH 6.0.
Controls were performed in which the incubation
for AChE followed preincubation in BW 284C51,
and incubation for BuChE followed preincubation
in iso-OMPA. All tissue incubated for longer than
20 min was compared with tissue incubated in sub-
strate-free medium for the same period . Some tissue
was incubated in substrate-free medium lacking
ferricyanide, and some in substrate-free medium
after preincubation for 4 hr in 0. 1 M iodoacetate at
pH 7.2.
The staining reaction was stopped by the addition
of drops of 5% osmium tetroxide (dissolved in dis-
tilled water) to the incubation medium until the
final concentration of osmium tetroxide was about
I r,70. This mixture was then replaced by 1 1 / c osmium
tetroxide in distilled water, and the tissue was left
in this solution for a further 1 hr.
The tissue slices were rapidly dehydrated in a
graded series of acetone and water mixtures, begin-
ning at 30%je, and then embedded in Araldite. Sec-
tions were cut with glass knives, collected on un-
coated copper grids, lightly treated with lead citrate
(Reynolds, 1963), and examined with an Hitachi
HU 1lB microscope.
Staining density was not uniform throughout the
depths of those slices that were thicker than about
30 s. Pieces 30 µ or thinner were fragile and difficult
to handle, and major cutting damage was frequently
seen under the electron microscope. Tissue slices
of 50-100-µ thickness, on the other hand, showed
fewer cutting artefacts, and the staining pattern of
the cells in the outer 15-20 µ of these thicker slices
was identical with the staining seen throughout the
P. M. ROBINSON Cholinesterase in Smooth Muscle 463thinner pieces. All the micrographs presented in
this report illustrate sections taken from tissue within
20 µ of the cut surfaces of 50-100 µ slices.
All counting of stained and unstained axons was
performed on the screen of the microscope. Sections
used for this purpose were taken from thin tissue
slices that had proved to be evenly stained throughout
the slice. This was done to minimize the bias toward a
low proportion of stained axons that might have re-
sulted from inadequate penetration of the incubating
medium.
All measurements of closest point between axons
and smooth muscle cells were made to the nearest
mm on micrographs printed at 30,000-40,000
magnification. No allowance was made for any
change in dimension that may have occurred during
processing of the tissue. The micrographs used in
this portion of the study were all taken from tissue
which had been incubated for 15 min or longer, as
this time had previously been shown to be sufficient
to ensure that all the enzyme present had produced
clearly visible stain particles .
RESULTS
With the medium containing acetylthiocholine,
stain was detected in tissue slices incubated at
pH 5.0 for 6 min or longer. This staining reac-
tion was prevented by prior incubation of the
tissue in BW 284C51 at a concentration of 5 X
10-s
M, but it was not affected by similar treat-
ment with iso-OMPA at a concentration of 10 M.
This staining is, therefore, interpreted as resulting
from the action of AChE .
With the medium containing butyrylthio-
choline, stain resulted from 20-50 min incubation
at pH 6 .0. The reaction was unaffected by BW
284C51 but was inhibited by iso-OMPA under
the conditions described above . This staining is
interpreted as resulting from the action of BuChE
No stain was detected in tissue slices incubated
in substrate-free medium for less than about 50
min, but longer incubation times caused a reaction
that is referred to in this report as "nonspecific"
staining. Nonspecific stain was absent when
ferricyanide was omitted from the incubation
medium, and was partly inhibited by prior incu-
bation in 0.1 M iodoacetate at pH 7.2.
Acetylcholinesterase Localization
AChE was localized in two distinct sites in the
longitudinal muscle tissue of the vas deferens .
AXONS : Most of the tissue slices used in this
study were incubated for AChE for 8-10 min at
pH 5.0. Under these conditions between 15 and
464
	
TnF1 JOURNAL OF CELL BIOLOGY . VOLUME 41, 1969
20% of all the axons were stained. A slightly in-
creased proportion of axons was stained after
longer incubation times, but the maximum propor-
tion seen was 25 % (after 20-min incubation) .
Further increase in incubation time did not affect
the proportion of stained axons present. Incubation
for less than 8 min resulted in light, inconsistent
staining. Fig. 4 illustrates unstained axons .
Axons most commonly occurred in bundles of
two or three, embedded in a Schwann cell process ;
the stain was usually deposited on and between
the plasma membranes of the axon and Schwann
cell (Figs. 1-3, 5-7). Axons stained in this way are
referred to as "heavily stained ." Sometimes the
stain particles were smaller and clearly attached
only to one or the other of the membranes, and not
between them (Figs . 1, 2, and 6) . Axons stained
in this way are called "lightly stained ." Occasion-
ally, the stain particles were too small to be clearly
visible under routine conditions (Fig. 1), and
some difficulty was experienced in classification.
If the detection of very light staining was important
from the standpoint of this study, then sections
were examined without lead citrate counter-
staining (Fig. 7) . Since no difficulty in detection
of stain was experienced in tissue incubated for
15 min or longer, and since the proportion of
lightly stained axons decreased with increased
incubation times, the between-membrane stain on
the heavily stained axons was presumably due to
an accretion of stain particles on the membranes .
This explanation is supported by the appearance
of discrete particles of stain lying freely in the
intercellular spaces after excessive incubation of
the tissue.
Occasionally, axons showing light and heavy
staining occurred in the same bundle (Fig . 1).
The lightly stained axons in these bundles prob-
ably had a lower enzyme activity than the heavily
stained axons. When all the axons in a bundle
were lightly stained (Fig. 2), however, local
irregularities in the incubating conditions may
have suppressed the staining reaction. For this
reason, no attempt has been made to compare the
enzyme activity of axons in different bundles.
Difficulties in the classification of very lightly
stained axons only occurred in a small number of
cases (presumably those axons with lower than
average enzyme activity) in tissue incubated for
short periods of time . This problem did not affect
either the data obtained on the total proportion of
stained axons in the tissue (25%), or the data ob-tained for Fig. 8, as these counts and measure-
ments were made on tissue that had been incu-
bated for sufficient time to allow all the enzyme
present to produce a clearly visible deposit of
stain (i.e., longer than 15 min) . In all cases, the
density of staining on the axon membrane ap-
peared to be equal to the density of staining on the
adjacent Schwann cell membrane .
Single axons were not commonly seen in this
tissue. However, a small number of bare, stained
axons were noted. In view of the evidence that
single, bare axons are close to terminating (Merril-
lees, 1968), it is most likely that the stain can be
detected all the way to the end of a fiber.
Serial sectioning was not attempted, but, be-
cause axons sectioned through varicosities
(diameter approx. 1-2 µ) and through inter-
varicosity regions (diameter approx. 0.1-0.2 ,u)
were stained (as in Fig. 1), it is, therefore, con-
sidered likely that the enzyme was present on the
plasma membranes of the entire terminal varicose
region of the staining axons .
MUSCLE CELLS : When a stained axon was
found close to a smooth muscle cell, stain was
often observed on the muscle cell membrane
adjacent to the axon. This postsynaptic stain was
only present on a patch of muscle cell membrane
close to the axon, and was absent from the rest of
the muscle cell surface (Figs . 2, 5-7). In tissue
incubated for longer than 10 min, the area of
muscle cell membrane associated with stain did
not appear to be any more extensive than that
observed after the shorter times. Caveolae intra-
cellulares and occasional submembrane vesicles in
the region of the stained muscle membrane were
also stained by AChE activity (Figs. 2, 6, and 7) .
When very lightly stained sections from tissue
incubated for 6-7 min were examined, the distribu-
tion of stained axons was patchy, probably owing
to uneven penetration of the incubation medium.
However, where a stained axon lay close to a
smooth muscle cell, both presynaptic and post-
synaptic deposits were visible (Fig. 7), indicating
equality of enzyme activity at these two sites .
A detailed study has been made of 60 stained
axons approaching to within 0.4 µ of a muscle
cell membrane in sections from tissue incubated
for 15 min or longer. In each case, the closest
point between the axon membrane and the
muscle membrane was measured on micrographs
of between 30,000 and 40,000 magnification, and
it was noted (a) whether postsynaptic stain was
present and (b) whether Schwann cell processes
intervened between axon and muscle cell. The
results are shown in Fig. 8. Two clear trends
emerged : firstly, when an axon approached close
to a muscle cell the muscle membrane was stained;
secondly, the axons farther away were usually
covered with Schwann cell processes. Wherever
the separation was less than 1100 A, the post-
synaptic membrane was stained . In addition, the
separation was greater than 1100 A in only 18
of all those approaches with post-synaptic stain .
On the other hand it is difficult, with such a small
sample, to be definite about the possibility of a
relationship between the distance of separation
and the presence of a Schwann cell covering, and
a larger sample must be investigated in order to
reach a conclusion on this point.
Butyrylcholinesterase Localization
The BuChE activity of this tissue was consider-
ably lower than the AChE activity. It required at
least a 20-min incubation at pH 6 to detect
BuChE, and about a 30-min incubation to obtain
adequate and reproducible staining . Because of
the low level of activity, it was difficult to obtain
clear BuChE staining uncontaminated by non-
specific deposits.
The membranes of all axons and Schwann cells
stained lightly for BuChE . All axons showed a
uniform deposit of stain, and no differences be-
tween axons could be distinguished on the basis
of staining for this enzyme .
The plasma membranes of all muscle cells also
stained lightly for BuChE. The stain was distrib-
uted in patches on each muscle cell and was
particularly noticeable in the caveolae intracellulares
(Fig. 9).
The highest BuChE activity in the vas deferens
was detected in the pinocytotic vesicles of capillary
endothelium (Fig. 10) . Most vesicles near the
plasma membrane and some vesicles deeper in the
cytoplasm of the endothelial cell were stained.
Nonspecific Deposits
Incubation of tissue slices in substrate-free
medium for periods of longer than 50 min resulted
in a staining reaction which was independent of
the activity of cholinesterase in the tissue . The
reaction was limited to two main sites: the plasma
membranes of all the cells and the mitochondria
of smooth muscle cells.
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500-A particles on the plasma membranes of all
the cells seen in this tissue. The longer incubation
times resulted in a spread of the stain until all the
membranes were covered with an amorphous
electron-opaque deposit (Fig. 11) . The deposit
superficially resembled the BuChE stain, but the
nonspecific deposit could be distinguished from
the latter by its slow development, the large size
of its particles, and its lack of sensitivity to iso-
OMPA.
The mitochondrial stain appeared to be finer
than the plasma-membrane deposit and was
mainly seen in the cristae and between the inner
and outer mitochondrial membranes (Fig. 11) .
Although the mitochondrial stain was always
present when the nonspecific stain was seen (i.e.,
after 50-min incubation), on rare occasions it was
also seen after 10-20-min incubation . It was not
possible to trace this effect to variations in the
handling or incubating of the tissue . Reducing
enzymes have recently been demonstrated at
similar mitochondrial sites (Ogawa, Saito, and
Mayahara, 1968), and this type of nonspecific
deposit may be due to the action of these enzymes .
DISCUSSION
Histochemical Methods
The use of the electron microscope in enzyme
methods, has been followed by a great increase in
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resolution, which accentuates the problem of
accurate localization of the reaction product.
These problems arise at two stages in the histo-
chemical process : firstly, the problem of fixation
of the enzyme in the correct relation to the other
tissue elements; and secondly, the problem of de-
positing stain close to this fixed enzyme.
In the first case, it has been shown that, in
smooth muscle tissue, enzyme diffusion can be
avoided if the tissue is fixed in situ, and that the
enzyme diffusion can be recognized as a distinctive
cloud of stain particles around each axon (Robin-
son and Bell, 1967). Because fixation was carried
out in situ for 20 min in this study, and because
the characteristic cloud of stain particles was not
seen, enzyme diffusion during fixation can be
ruled out as a source of artefact.
In the second case, accurate localization of the
enzyme sites by deposited stain is largely depend-
ent on the nature of the histochemical method
used. The number and speed of the reactions, the
solubility of the reactants, and the minimum size
of the final deposit are significant in this respect,
and, in the case of the Karnovsky method, are
dealt with in the basic papers (Karnovsky and
Roots, 1964; Karnovsky, 1964) . However, two
points have arisen in the present study which re-
quire discussion.
Firstly, false localization could result if either of
the intermediate products of the staining reaction
FIGURE 1 A small bundle of axons, embedded in Schwarm cell process, (SC) passing close
to a number of smooth muscle cells (M). Two axons (AL and A3) are cut through inter-
varicosity regions, and are clearly stained. Al is cut through a varicosity and is more
lightly stained. A portion of its membrane and the membrane of the associated Schwann
cell are shown at higher magnification in the inset to demonstrate the attached stain
particles (arrowheads) . It is not possible to be certain whether axons A4 and A5 are
stained. Dense patches are visible on their membranes but there is not sufficient detail
present to be certain. When positive identification of staining was required, the short incu-
bation times which lead to only marginal staining in some axons were avoided . Incuba-
tion for acetylcholinesterase, 8 min . X 30,000. Inset: X 60,000. In all figures, the bar rep-
resents 1 µ.
FIGURE 2 An axon bundle in which all the axons are stained to the same extent . Stain is
deposited on the axon membranes (AS), on the muscle membranes adjacent to the axons
(MS), and on the Schwann cell membranes (SS) . Note the staining of muscle caveolae
intracellulares. "Lightly stained" axons such as these are less common in tissue incubated
for longer periods, and are absent from tissue incubated for longer than 20 min. When all
the axons in a bundle are more lightly stained than other axons in the same section, it is
not possible to be certain whether this is due to lower than average enzyme activity in the
axons or to locally inadequate incubation conditions. Incubation for acetylcholinesterase,
10 min. X 30,000.P. M. ROBINSON Cholinesterase in Smooth Muscle
	
467FIGURE 3 Two stained axons (SA) in a bundle with two unstained axons (A). Incubation for acetyl-
cholinesterase, 10 min. X 30,000.
FIGURE 4 Unstained axons passing close to a smooth muscle cell . Note the uneven density of the mem-
branes of the axons, of the Schwann cell and of the muscle cells . This appearance is partly due to the
plane of section through the membranes and partly due to what appears to be uneven staining by either
osmium tetroxide or lead citrate (or both) following formaldehyde fixation . All axons in unincubated
tissue or tissue preincubated with AChE inhibitor have this appearance, as do about 75 1Y 0 of the axons in
tissue incubated for AChE . Incubation for acetylcholinesterase, 10 min . X 30,000.
FIGURE 5 A pair of stained axons, one of which is lying close to a smooth muscle cell
(M). Stain (MS) is visible on the muscle membrane adjacent to the stained axon and on
the membrane separated from the axons by the Schwarm cell. Incubation for acetyl-
cholinesterase, 8 min . X 40,000 .
FIGURE 6 A small bundle of stained axons passing close to smooth muscle cells (M) .
Stain (MS) is deposited on the muscle cell membranes in the vicinity of the axon bundle .
Note the staining of caveolae intracellulares. Incubation for acetylcholinesterase, 8 min .
X 30,000 .
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469FIGURE 7 A micrograph taken from a section which was not treated with lead citrate before micro-
scopic examination . The section was cut from tissue incubated for 6 min . This is the minimum length of
time required to build up visible deposits of stain under these conditions. The stain is visible on the
axon membrane and adjacent muscle cell membrane in approximately equal densities, indicating equality
of enzyme activity at these two sites . Note the staining of caveolae intracellulares. Incubation for acetyl-
cholinesterase, 6 min. X 40,000.
(thiocholine or ferrocyanide) moved from its site
of formation before it took part in the next reac-
tion, or if the final reaction product (copper
ferrocyanide) moved after its formation . The
actual enzyme site (presumably, but not necessarily,
stained) could then be referred to as a "primary" .
or "true" site, and the reaction product located
away from the enzyme could be referred to as a
"secondary" or "false" site. The process which re-
sults in the formation of secondary sites is often
loosely referred to as "diffusion ."
If, in the present case, it is assumed that the
axon plasma membrane is a primary site, then it
is possible that the muscle plasma membrane and
the Schwann plasma membrane are secondary
sites. This is thought to be unlikely because :
(a) These localities are membrane surfaces, and
precise localization has been demonstrated on the
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membranes without any evidence of staining be-
tween them (Figs. 2, 5-7), and the intemerdiate
products of the Karnovsky method have been
shown to have no affinity for membranes (Karnov-
sky, 1964) .
(b) The muscle or Schwann cell plasma mem-
branes always showed staining of density equal to
that of the adjacent axon membrane, even under
minimal incubating conditions (Fig. 7), and, in the
case of the muscle membrane stain, even if the
distance between axon and muscle membrane was
as great as 0.2 µ (Fig. 8) .
(c) Discrete particles of the final reaction product
were produced by extended incubation. These
particles appeared to lie freely between the cells
and did not appear to associate with any tissue
elements.
The second point which requires discussion is the0.1 0.2
MICRONS
0.3 04
FIGURE 8 Distribution of all the stained axons which
approached within 0.4 ,u of a muscle cell membrane in
sections stained for 15 min or longer. The vertical line
at the left of the figure (M) represents muscle mem-
brane, and the horizontal scale indicates the distance
in microns between the axon membrane and the muscle
cell membrane at the closest point between them .
Each square represents one stained axon . The full
squares (U) indicate that the membrane of both muscle
cell and axon were stained ; the empty squares (D)
indicate that only the axon was stained . A ring around
the square indicates that a °chwann cell was present
between axon and smooth muscle cell . The muscle
membrane was stained in every approach in which the
distance at the closest point was less than 1100 A, but
in only a few approaches with a distance greater than
this.
presence of the nonspecific deposits . The Karnov-
sky method depends on the reduction of ferricya-
nide by the released thiocholine, and, because other
reducing groups are common in tissue protein
(Herriott, 1947), stain may be deposited also at
these other reducing-group sites in the fixed tissue .
An adequate control is incubation without sub-
strate, or with the enzyme inhibited, and it has
been reported that nonenzymatic reduction did
not interfere at all with the localization of AChE
in the heart (Karnovsky, 1964) . The stain resulting
from this nonenzymatic reaction did not interfere
with the specific staining produced by short incu-
bation times in the vas deferens but it might have
masked low levels of specific staining after extended
incubation times . Reduction of ferricyanide by
tissue protein has been attributed to the activity
of sulfhydryl groups (Mirsky and Anson, 1936 a),
and to the reducing properties of tyrosine and
tryptophan (Mirsky and Anson, 1936 b) . Reduc-
tion of ferricyanide by sulfhydryl groups is poten-
tiated by copper ions at low pH and by prior pro-
tein denaturation (Anson, 1942) . These conditions
are present during incubation in Karnovsky
medium.
Preincubation in substrate-free medium was not
applied in the present study because of the possibil-
ity of the nonspecific reduction of ferricyanide .
However, as acetylthiocholine has been shown to
diffuse slowly through fixed tissue (Davis and
Koelle, 1967), preincubation would probably
have had no beneficial effect on localization .
Functional Interpretation
The presence of a cholinergic system in this tis-
sue has been interpreted in three ways . One point
of view is that separate adrenergic and cholinergic
axons innervate the smooth muscle cells (Birming-
ham and Wilson, 1963; Birmingham, 1966 ; Bell,
1967). Another view favors the proposal that the
cholinergic system is present in every adrenergic
axon and is an essential part of either conduction
along the axon (Nachmansohn, 1959) or release of
noradrenaline (Burn and Rand, 1959, 1965 ;
Koelle, 1962) . This view does not, of course, pre-
clude the possibility of pure cholinergic axons as
well as the mixed axons, but much of the evidence
for the dual role of ACh collapses if the co-exist-
ence of pure cholinergic and mixed axons is ad-
mitted. The third view is a compromise which,
while allowing only one transmitter to each axon,
postulates that the membrane of adrenergic axons
is sensitive to ACh, and that ACh released from a
cholinergic axon may cause the release of NA
from an adjacent adrenergic axon (Koelle, 1963) .
The views mentioned above have conflicting
requirements for the localization of the enzyme .
The first view (separate systems) would require
two classes of axon, one group associated with
AChE and the other not. The second and third
views require that all axons are associated with
the enzyme but that some may have a higher level
than others.
Jacobowitz and Koelle (1965) have reported
the results obtained when the fluorescent localiza-
tion of NA and the Koelle method for AChE were
applied consecutively to individual frozen sections
of the guinea pig vas deferens. These two tech-
niques can demonstrate single varicose fibers when
used alone under favorable conditions ; however,
their combination resulted in some loss of detail
P. M. ROBINSON Cholinesterase in Smooth Muscle 471FIGURE 9 Stain due to butyrylcholinesterase activity deposited on smooth muscle cell membranes
(arrows) . The membranes of all axons and muscle cells stained for BuChE . Incubation for butyryl-
cholinesterase, 30 min. X 30,000 .
FIGURE 10 Portion of a capillary endothelial cell stained for BuChE . The plasma membrane and some
of the vesicles in the cytoplasm are stained . The incubation time was too short to demonstrate the enzyme
in smooth muscle cell membranes . Incubation for butyryleholinesterase, 20 min . X 35,000.
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THE JOURNAL OF CELL BIOLOGY . VOLUME 41, 1969FIGURE 11 The result of extended incubation in substrate-free medium . Note the large grains of stain
attached to the cell membranes of axons (A) and muscle cells (M) and the stain associated with the
cristae of the mitochondria (Mit). Incubation in substrate-free medium for 50 min . X 30,000.
and only axon bundles could be detected . Many
bundles showed the reaction for both NA and
AChE, and this was interpreted as not disproving
the suggestion that NA and AChE could occur in
the same axon. The problem of resolution can be
overcome by studying the NA fluorescence and
AChE reaction in the cell bodies which lie in the
hypogastric nerve (forming a "hypogastric gan-
glion") and which give rise to the axons innervating
the smooth muscle cells of the vas deferens (Bell
and McLean, 1967) . The cells of this ganglion
have been classified by these workers into three
groups :
(1) The majority showed variable NA fluores-
cence. Most of these showed no AChE activity,
while a few showed low levels of activity (all prob-
ably adrenergic) .
(2) A lesser number showed high levels of AChE
activity and no fluorescence (cholinergic) .
(3) There appeared to be a few which showed
neither fluorescence nor enzyme activity (un-
known identity).
Although Giacobini (1957) has demonstrated
that the AChE levels of cell bodies and the proxi-
mal portions of the attached axon are related, it is
not clear whether this relationship holds for the
terminal sections of the axons as well. The present
study was undertaken to overcome the restrictions
of the methods used to date, by examining the
AChE activity of individual axons within the
smooth muscle tissue.
Unfortunately, NA cannot be demonstrated
with the electron microscope with the same
certainty as it can be with the fluorescence micro-
scope, although there is now good correlation be-
tween the occurrence of small granular vesicles
and NA in the axons of most mammals (for a re-
view see Burnstock and Robinson, 1967) . These
vesicles were not seen in the noradrenergic axons
in the longitudinal smooth muscle of the guinea
pig vas deferens by Merrillees, Burnstock, and
Holman (1963) or by Merrillees (1968) after
osmium tetroxide fixation, nor in the present
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473study after formalin fixation . However, because of
the strong evidence in favor of a predominant nor-
adrenergic innervation in this tissue (see above), it
has been assumed in the present work that the
majority of the axons seen in the longitudinal
smooth musculature of the vas deferens are nor-
adrenergic.
Comparison of levels of enzyme activity at
different sites is difficult with the light microscope
and almost impossible with the electron micro-
scope, owing to the physical displacement of stain
particles in overincubated tissue and the possibility
of uneven incubating conditions. For these reasons,
levels of enzyme activity have been estimated in
relation to the incubation time required to pro-
duce stain after constant fixation procedures, and
no attempt has been made to compare levels of
stain at distant sites in the same section . Con-
sequently, the 20 % of axons that were stained after
10-min incubation times probably represented the
proportion of axons with the highest enzyme activ-
ity, and the further 5 % that stained after the 20-
min incubation represented the proportion of
axons with moderate activity . Further increase of
the incubation time failed to increase the propor-
tion of stained axons . The 5 % which stained only
after 20 min may have represented axons with
either a lower enzyme activity, or axons with
high activity that were not stained at the shorter
incubation times due to uneven incubation con-
ditions.
Therefore, there appears to be a correlation be-
tween the heavily stained (cholinergic) cell bodies
in the hypogastric ganglion (Bell and McLean,
1967) and the most reactive axons reported in this
study, with perhaps a further correlation between
the extra 5 % of axons which stain after longer
incubation times and the lightly stained cell bodies
seen in the hypogastric ganglion. The remaining
75% of the axons are probably related to the
fluorescent (adrenergic) and nonfluorescent gan-
glion cells which do not stain for AChE .
AChE has been demonstrated on the presynap-
tic membrane and on, or in association with, the
postsynaptic membrane at most of the cholinergic
synapses recently studied histochemically with the
electron microscope' (Bloom and Barnett, 1966;
Brzin, Tennyson, and Duffy, 1966; Davis and
Koelle, 1967; Robinson and Bell, 1967; Hirano
and Ogawa, 1967). Therefore, the distribution
I Bell, C. Unpublished data.
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of AChE at the close approaches of less than
1100 A between stained axons and smooth muscle
cells in the vas deferens resembles the basic pat-
tern for cholinergic synapses ; and, in view of the
evidence associating high levels of AChE and
cholinergic function in the guinea pig (Bell and
McLean, 1967), these close approaches probably
represent cholinergic junctions .
A possible functional explanation of the constant
association of postsynaptic stain with closest-
points of less than 1100 A, and the almost constant
lack of postsynaptic stain at contacts of greater
than this distance (Fig . 8) can be found in the
work of Bennett and Merrillees (1966) on trans-
mission in the guinea pig vas deferens . After com-
bining data from microelectrode and electron
microscope serial sampling studies, they con-
cluded : "if transmitter is released only from varicos-
ities, then only varicosities within about 1000 A
of the muscle membrane will have an appreciable
effect during transmission." If this suggestion is
correct, only those cholinergic junctions which
have an appreciable effect during transmission
show AChE stain on the postsynaptic membrane,
and those approaches with a separation too great
to allow appreciable transmission rarely show
postsynaptic stain .
The data in Fig . 8 suggest a further possible
correlation with the theoretical calculations . No
Schwann cell process intervened between axon and
muscle cell at the postsynaptically stained (prob-
ably functional) approaches with a separation of
less than 1100 A, but Schwann cell processes inter-
vened in 80% of all the approaches with a separa-
tion of greater than 1100 A and less than 4000 A .
However, in view of the exceptions and the small
size of the sample, no definite conclusions can be
reached on a possible relationship at this stage.
The lamina propria of the guinea pig vas defer-
ens is innervated by axons containing AChE
(Jakobowitz and Koelle, 1965), and some of the
stained axons detected in the smooth muscle tissue
in the present work may be preterminal portions
of these fibers. Nevertheless, the description of
cholinergic synapses reported here and the evi-
dence for cholinergic junctions from transmission
studies, taken together, form a good case for sepa-
rate cholinergic axons innervating the smooth
muscle in the vas deferens .
The lack of detectable stain in 75 % of the axons
seen in this study, while not conclusive, sug-gested that AChE, and presumably also ACh, are
absent from the adrenergic axons of the guinea pig.
This view is supported by a report of a number of
unstained axons innervating the guinea pig heart
(Hirano and Ogawa, 1967) and by a similar con-
clusion about the adrenergic axons of the cat
based on combined electron microscope radioauto-
graphic and AChE studies of the innervation of the
nictitating membrane and pancreatic arterioles
(Esterhuizen, Graham, Lever, and Spriggs, 1968;
and Graham, Lever, and Spriggs, 1968) .
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